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If dark matter particle can be decelerated due to its dissipative self scattering, except for sinking at the galaxy
scale to speed up structure formation, it can also be accreted onto local celestial bodies such as the Sun, forming
a compact halo. With some simplified assumptions we develop the Boltzmann equation set based on the partition
function of the elliptical orbits, and numerically solve it for the accretion process. We find that the orbited dark
matter particles will form a halo around the Sun, with the density profile well fitted to be proportional to r−1.6
in a wide range of radius. While around the earth such local halo contribution is always several orders below
the galactic component, in a very small region centered around the Sun the sunk dark matter particles can lead
to a halo density several orders larger than the background galactic component, in particular in the parameter
region of small deceleration speed and large cross section, which is still consistent with current constraints.
Such potential dark matter local halo with significantly enhanced density will be a very interesting source for
dark matter indirect detection if the corresponding channel exists, we discuss the possibility of the gamma-ray
spectrum in the solar direction in some detail as an example.
I. INTRODUCTION
The model that dark matter (DM) has self interaction with
a cross section of O(1) cm2/g [1] is originally suggested as
a solution to the core vs. cusp problem [2, 3], and later pos-
sibly to other small scale problems such as the “too-big-to-
fail” problem [4, 5] and the missing satellite problem [6, 7].
Nowadays the improved simulation with the baryonic feed-
back effect [8] and the accumulated observation gradually be-
came consistent with each other, reducing the room for any
new physics beyond the vanilla cold DM model such as this
self-interacting DM (SIDM) model. But the SIDM model has
found other motivations such as interpreting the diversities of
the rotation curves [9] and the dwarf galaxies [10].
If elastic DM self scattering is acceptable, then the postu-
lation of the DM self scattering being inelastic seems a natu-
ral alternative, given the freedom of model building in a non-
minimal dark sector. The case that DM up-scatters onto an
excited state [11–40] and promptly decays back to the original
ground state (emitting a dark photon which is not our object)
is simple but particularly interesting, in which the DM particle
decelerates and consequently varializes to a deeper position in
the gravitational well to accelerate the structure formation. On
galaxies scales, such process will lead to a dark disk [18, 19],
or greatly accelerate the core collapse process of the DM halo.
For example, the latter effect is suggested as a solution to the
mysterious origin of super massive black hole at a very high
redshift [30, 31, 35–38, 40] that seems to violate the Edding-
ton limit of accretion.
Except for the galaxy center or the galactic disk, in a much
smaller region [29] the known local celestial bodies such as
the Sun or the earth also provides a similar local “deep”
position of the gravitational field to collect the decelerated
DM particle. To the knowledge of the author, such possi-
bility has not been explored in detail in literature. A sim-
ilar DM deceleration followed by gravitational capture pro-
cess has already been spotted in the context of the tradi-
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tional DM candidate of the Weakly Interacting Massive Par-
ticle (WIMP) [41]. However, such process is based on the
WIMP nucleon scattering cross section for the initial deceler-
ation, and now get severe constraint [42]. On the other hand,
the DM self scattering cross section can be many orders larger,
which actually can overwhelm the shortage of the target DM
particle number. A quick estimation with a solar mass of
2× 1030 kg (or 1.2× 1057 nucleon) gives a scattering/capture
rate of 1.4× 1016( σχn10−46 cm2 )( ρχ0.39 GeV/cm3 )( 〈∆v〉240 km/s ) s−1 for
an 80 GeV WIMP, and if we switch to our interested dissipa-
tive DM (DDM) model [65], similarly the scattering/capture
rate for the DDM in the volume of the Sun is already 1.2 ×
1014(
σ/mχ
1 cm2/g )(
ρχ
0.39 GeV/cm3 )
2( 〈∆v〉240 km/s ) s
−1. The initial col-
lisional deceleration can happen far away from the Sun and
the DDM is still accreted onto the Sun, so the accretion vol-
ume is many orders larger than the volume of the Sun, making
the DDM accretion larger than the WIMP accretion. This is
a simple demonstration that the DDM accretion can be very
significant.
In this paper we develop the first calculation based on the
Boltzmann equation for such accretion process. The key to
our calculation is the usage of number of DDM particles on
each elliptical orbit characterized by its energy and angular
momentum as the partition function, which enables robust cal-
culation for the outer part of the resultant halo. Due to the lim-
itation of such approximation, the DDM particles very close to
or even inside the Sun cannot be studied directly, but can still
be inferred indirectly with potentially large uncertainty. How-
ever, the possibility of the existence of a solar DDM halo with
number density several orders larger than the galactic compo-
nent is established, which will be very interesting to the DM
indirect detection field.
We will define the model and the approximation schemes in
section II, and further do some definition and review in section
III. Then we write down the Boltzmann equation terms for
each process in section IV, and numerically solve it with the
results presented and discussed in section V. Section VI pro-
vides a brief discussion of the found overdense in the context
of DM indirect detection experiments, in particular the possi-
bility towards the interpretation of the unexpected gamma-ray
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2spectrum dip. Finally we conclude in section VII.
II. THE MODEL AND APPROXIMATION SCHEME
The simplified model is the same as the one used in fluid
model for cooling [36] and N-body simulation [40] (see a vari-
ant in [37]). We assume a velocity independent DDM self
scattering cross section (actually the ratio of the cross section
over the DDM mass) σ/mχ if and only if in the center-of-
mass frame the incoming speed of each DDM particle satis-
fies ∆v/2 > vth (the threshold velocity), then the final state
DDM speed in the same frame is ∆v′/2 = ((∆v)2/4−v2th)
1
2 .
Namely in the up scattering and followed prompt decay, in the
center-of-mass frame and for each DDM particle a constant
kinetic energy of mχv2th/2 is transferred to the dark radiation
and dissipated at a constant cross section, once there is such
kinetic energy to dissipate. The recoil due to the dark radia-
tion emission is O(v2th/c) and negligible. We also assume all
DM is our interested DDM.
For simplicity, in the calculation we will further ignore
• Any DDM elastic self-scattering, as a key simplifica-
tion.
• Any DDM nucleon scattering, which is much smaller
as aforementioned.
• Any DDM annihilation temporarily. The annihilation
rate will always be too small to modify the local halo
accretion noticeably. However, it may be manifested in
a DM indirect detection experiment.
• The size of the Sun to approximate it by a point mass
M , in order always to use a closed elliptical orbit. But
we still use the true density profile of the Sun (BS2005-
AGS, OP model in Ref. [43]) to calculate the inner grav-
itational field and the speed of DDM if it is submerged,
for the purpose of the scattering kinematics. We can
see that the total accreted DM mass is still many orders
(18 orders as the extreme case we have ever calculated)
below the mass of the Sun finally, so its gravity can be
ignored. Moreover, unlike the WIMP case whose orbit
will always be partially inside the Sun since the scat-
tering deceleration happens there, in our DDM case the
whole orbit can be completely outside the Sun. In such
cases the bounded DDM particle initially being on a
perfect elliptical orbit is not an approximation but exact.
However, later the DDM further scatters to decelerate
onto lower orbit, and eventually sink to an orbit mostly
or completely submerged into the Sun. Such elliptical
orbit approximation enable us the trace the DDM to a
region sufficiently close to the Sun.
• the planets and all other celestial bodies in the solar sys-
tem while studying the accretion of the Sun.
For a microscopic dissipative self-scattering ~u1 + ~u2 → ~u′1 +
~u′2 event viewed in the solar frame (in this paper we will gen-
erally use ~v for a velocity in the Milky Way (MW) rest frame,
and ~u for a velocity in the solar frame), we assume
• The scattering is s wave, so the outgoing particles
are always isotropic in angular distribution statistically.
Consequently if the final state particles become gravita-
tionally bounded, against the angular momentum L =
mχru sin θ = Lmax sin θ with a certain speed u (u′1 or
u′2 above) at certain radius r, the expected number dN
is ∝ sin θdθ which is the solid angle, so the differential
spectrum can be determined
dN
dL
∝ sin θdθ
d sin θ
=
sin θ√
1− sin2 θ
=
L
Lmax
√
L2max − L2
,
Lmax = mχru = mχr
√
2( Emχ +
GM
r ). (1)
By integration dL over 0 to Lmax we can check that it is
already normalized.
In fact such isotropic assumption holds only in the
center-of-mass frame. In the free-free process or the
bound-free process which will be discussed soon, the
free incoming DDM particle will have a nonzero expec-
tation of velocity in the solar frame, therefore the scat-
tered DM particle has an overall velocity expectation
superposed on its isotropic distribution. Later we will
calculate the free-free process directly in more detail,
taking this subtlety into account. As for the bound-free
process, such an overall velocity expectation due to the
solar motion itself is not harmful, since the initial angu-
lar momentum is also randomly distributed due to the
isotropic distribution of collision positions surrounding
the Sun.
• The outgoing DM particles have speed u′1 = u′2 =√
1
2 (u
2
1 + u
2
2)− v2th. Exact kinematics gives the final
state velocity of 12 (~u1 + ~u2) ± nˆ
√
1
4 |~u1 − ~u2|2 − v2th,
where nˆ is the random unit direction vector of one out-
going DM particle. According to the above isotropic as-
sumption, statistically there will be no overall interfer-
ence for the magnitude of the velocity, namely (u′1)
2 =
1
4 |~u1 + ~u2|2 + 14 |~u1− ~u2|2− v2th = 12 (u21 +u22)− v2th =
(u′2)
2. By a bit misuse of terminology we will refer
to the assumption u′1 = u
′
2 as equipartition. This is of
course not held in every microscopic dissipative scatter-
ing, but an unbiased estimation with correct energy con-
servation relation. One can introduce some broaden-
ing of the final state energy instead of using the (Dirac)
delta energy approximation, and in our following spe-
cific calculation for the free-free process we will indeed
do so. But for simplicity we will ignore such broaden-
ing for the other two processes.
• In the same spirit, the relative speed for the two col-
liding particle is statistically ∆v =
√
u21 + u
2
2 in the
scattering rate calculation. Again, later in the free-free
process we will go beyond such statistical expectation,
and calculate the relative speed for dissipative scatter-
ing rate in the full phase space.
3III. 5 PROCESSES AND 3 COMPONENTS
For a specific elliptical orbit with energyE and angular mo-
mentum L, there are only three possibilities for a microscopic
dissipative DM self scattering event, or 5 processes while con-
sidering particle filling or removal on a specific energy state:
Free-free process: two DDM particles are added onto orbits
of the same energy (free-free-in) according to our pre-
vious equipartition assumption (therefore the two final
state DDM particles are either both bounded at orbits
with the same energy or both free, which also applies in
the following processes); while initially they are both
unbounded galactic ones.
Bound-free process: either a DDM particle is kicked out
from the initial orbit (bound-free-out), or two DDM par-
ticles are added onto orbits of the same energy (bound-
free-in); while in the initial state one of the two DDM
particles belongs to a bound orbit and the other is an
unbounded galactic one.
Bound-bound process: either one of the two DDM particles
is kicked out from the initial orbit (bound-bound-out),
or two DDM particles are added onto orbits of the same
energy (bound-bound-in); while initially they are both
already bounded at certain orbits and such scattering
process only redistributes them onto different orbits.
We will sort the gravitationally bounded DDM particles
into the orbited part and the sunk part, that the orbited part
can be well described by an aforementioned closed elliptical
orbit, with a partition function only depending on E and L,
while the sunk part cannot due to the failure of such assump-
tion or approximation. Then in our later calculation the above
reference of “bound” actually means the orbited component.
The reason for such categorizing is that we do not have a way
to directly study the inner sunk component, due to the failure
of the basic tool of elliptical orbit partition function. Our strat-
egy is record the sunk component by the transfer at the lower
cutoff of the orbited component.
The third component is the free DDM particle which is not
gravitationally bounded. Then the free component, orbited
component and sunk component are in the descending order
of energy.
A. The Free Galactic Component
For the free galactic DM particle far away from the Sun,
we use the standard halo model, and the partition function is
the escape velocity vesc truncated Maxwell-Boltzmann distri-
bution
f0(~v)d
3v =
1
Nesc(
√
piv0)3
e
− v2
v20 d3v H(vesc − v). (2)
Here H is the heaviside step function. The Maxwell-
Boltzmann distribution uses 1D velocity dispersion, which
has been switched to the circle velocity v0 at the solar ra-
dius and confined on a two-dimensional plane as its estima-
tor. Nesc = 4√piv30
∫ vesc
0
exp(−v2
v20
)v2dv gives the normaliza-
tion when the escape velocity truncation presents. Numer-
ically for the standard halo model, we use the recent value
v0 = 240 km/s [44] and vesc = 580 km/s [45], as well as
the recent local DM energy density ρχ = 0.39 GeV/cm3 [46]
[66].
As seen by an observer at rest to the Sun and therefore mov-
ing with velocity ~v in the MW rest frame, the velocity has
relation ~u+ ~v = ~v and the partition function now becomes
f(~u)d3u =
2e
−u
2+v2
v20
Nesc
√
piv30
u2du
∫
(e
2uv
v20
cos θ
d cos θ) (3)
=

udu√
piNescv0v
e
−u
2+v2
v20 2 sinh
2uv
v20
, u < vesc − v,
udu√
piNescv0v
(
e
− (u−v)
2
v20 − e−
v2esc
v20
)
,
vesc − v < u
u < vesc + v,
0, u > vesc + v.
In cases that the escape velocity is not considered or effec-
tively taken to be infinity (and Nesc → 1), the first expression
reduces to the well-known form found by Gould [41]. As the
process studied here spans almost 5 Gyr of the whole age of
the Sun, after time average the observer velocity v should go
back to v0, while at the moment v may differ from v0 by a
few components.
At last, the gravitational field will also accelerate the free
DM particle to distort the phase space distribution. In analogy
to Ref. [41], at the position r inside a gravitational field, we
can see the free DM particle partition function is
f(u, r)d3u =
uf(
√
u2−u2esc(r))d3
√
u2−u2esc(r)√
u2 − u2esc(r)
(4)
=

u2du e
−u
2−u2esc(r)+v2
v20
√
piNescv0v
√
u2−u2esc(r)
2 sinh
2
√
u2−u2esc(r)v
v20
,√
u2 − u2esc(r) < vesc − v,
u2du√
piNescv0v
√
u2−u2esc(r)
(
e
− (
√
u2−u2esc(r)−v)2
v20 − e−
v2esc
v20
)
,
vesc − v <
√
u2−u2esc(r) < vesc + v
0,
√
u2 − u2esc(r) > vesc + v.
where we have used
√
u2−u2esc(r)d
√
u2−u2esc(r) = udu.
uesc(r) is the escape velocity from the local gravitational field,
as mentioned earlier it is determined by the true density pro-
file of the Sun but outside it is simply given by u2esc(r) =
2GM/r. Such argument shift can be viewed as implement-
ing the Liouville’s theorem of phase space, and the factor
u/
√
u2 − u2esc(r) is from the rate calculation within a shell
of target collision rate.
4B. The Orbited Component
As for the orbited DM particle, given spherical symmetry,
the distribution with the orbital parameters E and L of d
2N
dEdL
plays the role of partition function. The energy E and angular
momentumL can be related to the elliptical Kepler orbit semi-
major axis a and semi-minor axis b by
a =
GMmχ
−2E , b =
L√−2Emχ . (5)
We also define c =
√
a2 − b2 for short, then the DM particle
has a radial range from a− c to a+ c (Throughout this paper
we will always suppress theE andL dependence of a, b and c,
but it should be understood that the corresponding ones should
share the same subscript, e.g., a1(E1)).
From the two variables E = 12mχ((
dr
dt )
2 + r2(dθdt )
2) −
GMmχ
r and L = mχr
2 dθ
dt conserved in the orbital motion, we
can solve drdt =
√
2GM
r − −2Emχ − L
2
r2m2χ
. Now we are inter-
ested in the probability of the DM particle being in a radius
interval r → r + dr. It is proportional to the time the particle
spends on it, or d probability ∝ dt(r) = dr/(drdt ). Eventually
with normalization we find
d probability =
dr
pia
√
2a
r − 1− b
2
r2
. (6)
It can be also rewritten as rdr/(pia
√
c2 − (r − a)2), which
implies the region of a− c < r < a+ c.
IV. THE BOLTZMANN EQUATION
With the last probability differential we can calculate the
bound-free or bound-bound process collision rate. It is useful
to at first summarize our constraints in the phase space
(Statistical) energy conservation E1 + E2 −mχv2th = 2E,
with the help of the equipartition assumption.
Elliptical orbits radial position ai − ci < r < ai + ci, ∀ i.
Threshold for dissipation ∆v =
√
u21 + u
2
2 > 2vth.
Free “really free” u > uesc(r) for free particle.
Cannot escape the MW u2 + u2esc(r) < (vesc + v)2.
The rate for a general bound-free-out process to remove
particles on an (E,L) elliptical orbit reads
BFO(E,L) =− d
2N
dEdL
∫ a+c
a−c
dr
pia
√
2a
r − 1− b
2
r2
×
∫ √(vesc+v)2+u2esc(r)
max(
√
4v2th− 2Emχ−u2esc(r),uesc(r))
f(u, r)d3u
× ρχ
mχ
σ∆vbf(u,E, r). (7)
Here the two lines inside the two integrations are both di-
mensionless probabilities, to scan over all contributing phase
space of the incoming free DDM particles. The f(u, r)d3u is
given in Eq. 4. The two lower bound for velocity integration
are “threshold for dissipation” and “free really free” condi-
tions respectively, and the upper bound is the “cannot escape
the MW” condition. And in the last line of we have used the
notation for the relative speed of the two initial state DDM
particles
∆v =

√
u2 + 2Emχ + u
2
esc(r) bound-free,√
2E1
mχ
+ 2E2mχ + 2u
2
esc(r) bound-bound,
(8)
as our last overall approximation point. Then ρχmχσ∆v gives
the correct dimension of a rate, for kicking particles off the
target orbit.
The rate for a general bound-bound-out process reads
BBO(E,L) =− d
2N
dEdL
∫ Emax
Emin
dE1
∫ Lmax(E1)
0
dL1
d2N
dE1dL1
×
∫ min(a+c,a1+c1)
max(a−c,a1−c1)
dr H(∆vbb(E,E1, r)− 2vth)
pi2aa1
√
2a
r − 1− b
2
r2
√
2a1
r − 1−
b21
r2
× 1
4pir2
σ∆vbb(E,E1, r). (9)
Now we have to integrate over all possible (E1, L1) orbits
for the other orbited incoming DDM, which in practical nu-
merical calculation are to be sampled by a finite number of
bins. The minimal energy Emin corresponds to a minimal
semi-major axis for which the point mass approximation still
effectively holds, and the maximal energy Emax corresponds
to a maximal semi-major axis which should probably be re-
lated to whether at such scale the target celestial body can still
be viewed as isolated. Here for convenience, in practice we
somewhat arbitrarily choose a range with
Emin
mχ
= −216 (km/s)2, Emax
mχ
= −23 (km/s)2, (10)
and sample the (negative value of) energy states by every
power of 2 in this range. Such minimal semi-major axis is
1.455 R and the information extracted based on this orbit
will suffer some error, while the maximal semi-major axis is
55.4 AU which should have sufficient coverage of the inter-
ested halo outskirt. As for angular momentum, for a certain
energy, the largest available angular momentum is achieved at
a perfectly circular orbit, which is
Lmax(E) = mχa(E)
√
− 2E
mχ
(11)
where the radius a(E) is given by Eq. 5 and
√−2E/mχ is the
circular velocity. In practice we use 13 bins on theL/Lmax(E)
dimension. Moreover, the cut from the “threshold for dissipa-
tion” condition is expressed in heaviside step function H for
convenience, and there are also double “elliptical orbits radial
5position” conditions. The change compared with the first line
of Eq. 7 can be understood as the number density from an
(E1, L1) elliptical orbit being Ndr
pia1
√
2a1/r−1−b21/r2
/(4pir2dr),
namely the number of DDM particles divided by the volume,
with the drs canceled.
The bound-free-in process rate to add DDM particles on an
(E,L) elliptical orbit reads
BFI(E,L) = 2
∫ Emax
Emin
dE1
∫ Lmax(E1)
0
dL1
d2N
dE1dL1
×
∫ min(a+c,a1+c1)
max(a−c,a1−c1)
dr
pia1
√
2a1
r − 1−
b21
r2
×
∫ √(vesc+v)2+u2esc(r)
max(
√
4v2th− 2Em −u2esc(r),uesc(r))
f(u, r)d3u
× ρχ
mχ
σ∆vbf(u,E1, r)
× δ(mχ2 (u2−u2esc(r)−2v2th)+E1−2E)
dN
dL
(E,L, r). (12)
The factor 2 in front corresponds to that two DDM particles
are added (the equipartition assumption). The first four lines
are quite similar in structure to the previous ones. The new
fifth lines contains the differential spectrum to bring the con-
tribution onto the desired (E,L) orbit. For energy the Dirac
delta function is our “statistical energy conservation” condi-
tion, and for angular momentum the dN/dL is given by Eq. 1.
In terms of a and b we can rewrite the latter as
dN
dL
=
1(
mχ
r2
b
√
GM
a
)√
2a
r − 1
√
2a
r − 1− b
2
r2
, (13)
and the last factor on the denominator implies a similar ra-
dial position cutoff. As for the former delta function, we can
trivially integrate it out with the du from the third line.
Quite similarly, the bound-bound-in process rate reads
BBI(E,L) =
∫ Emax
Emin
dE1
∫ Lmax(E1)
0
dL1
d2N
dE1dL1
×
∫ Emax
Emin
dE2
∫ Lmax(E2)
0
dL2
d2N
dE2dL2
×
∫ min(a+c,a1+c1,a2+c2)
max(a−c,a1−c1,a2−c2)
dr H(∆vbb(E1, E2, r)− 2vth)√
2a1
r − 1−
b21
r2
√
2a2
r − 1−
b22
r2
× 1
pi2a1a2 4pir2
σ∆vbb(E1, E2, r)
×δ(E1+E2−mχv2th−2E)
dN
dL
(E,L, r). (14)
Two DDM particles are added but the (Ei, Li) space has been
doubly counted, so the overall factor is 1. In real calculation
the delta function of “statistical energy conservation” is also
trivially integrated out by dE1 or dE2.
At last we will work out the free-free-in term with more
care. Since this process has no bounded/orbited particle in
the initial state, the velocities can be treated exactly with full
respection to their directional information, and later we can
see that this will be the most significant channel. Unlike the
above one we do not always accomplish the integration over
the angle θi of each relative velocity i = 1, 2 with the observer
~v, then Eq. 4 becomes
f(~ui, r)d3ui =
u2i dui sin θidθidφi
Nesc(
√
piv0)3
×e−
u2i−u2esc(r)+v2−2
√
u2
i
−u2esc(r)v cos θi
v20 . (15)
Here the θi angle should be asymptotically defined at infinity
for the local gravitational field, but we implicitly approximate
it to be the local one. Without loss of generality we choose
the DDM particle 1 to be at azimuth φ = 0, then the general
partition function multiplication have 5 variables u1, u2, θ1,
θ2 and φ. In order to determine the final state energy, we write
down the exact center-of-mass and the relative speeds
uc =
1
2
√
u21+u
2
2+2u1u2(cos θ1cos θ2+sin θ1sin θ2cosφ),
∆vff =
√
u21+u
2
2−2u1u2(cos θ1cos θ2+sin θ1sin θ2cosφ),
∆v′ff =
√
(∆vff)2 − 4v2th. (16)
After the dissipative scattering denoting the angle be-
tween ~uc and ∆~v′ as α, then the probability at such an-
gle is proportional to sinαdα, and the kinetic energy is
m
2 (u
2
c +
1
4∆v
′2
ff + uc∆v
′
ff cosα) so the energy differential is
dE′ = 12mvc∆v
′
ffd cosα. Eventually d probability/dE
′ ∝
d cosα/d cosα =constant, namely the final state energy is
evenly distributed in an interval of muc∆v′ff. With such
broadening of the final state energy distribution, the “statis-
tical energy conservation” condition can be better replaced by
the
Real spectrum energy conservation u2c+ 14∆v
′2
ff −uc∆v′ff <
2E
mχ
+ u2esc(r) < u
2
c +
1
4∆v
′2
ff + uc∆v
′
ff, that at some α
value such final state energy is achieved.
Eventually the free-free-in rate reads
FFI(E,L) =
∫ a+c
a−c
dr 4pir2
×
∫∫ ∫∫∫ √(vesc+v)2+u2esc(r)
uesc(r)
f(~u1, r)d3u1f(~u2, r)d3u2
× ρ
2
χ
m2χ
σ∆vff H(∆vff − 2vth)
×H(2E −mχ(u2c−u2esc(r)+ 14∆v′2−uc∆v′))
×H(mχ(u2c−u2esc(r)+ 14∆v′2+uc∆v′)− 2E)
× 1
mχuc∆v′ff
dN
dL
(E,L, r), (17)
with the functions f(~ui, r)d3ui, uc, ∆vff and ∆v′ff given just
above in Eq. 15 to 16. Again two DDM particles are added
6but the free particle phase space has been doubly counted, so
the overall factor is 1. In the second line the integration over
the direction of φ1 which is chosen should give 2pi. We use
the Monte Carlo integrator vegas to explore the whole phase
space spanned by the 5 velocity variables as well as the radius
r in the local gravitational field, with respect to all the cuts.
Eventually with all terms at hand, we can write down the
Boltzmann equation for the partition function d
2N
dEdL
d
dt
( d2N
dEdL
)
=
(
FFI + BFO + BFI + BBO + BBI
)
(E,L).
(18)
V. RESULTS
Before we show the sample results, we can see that the en-
ergy density has no dependence on the DDM mass mχ, given
that we actually use the value of the ratio σ/mχ for the DDM
self scattering cross section. In fact when multiplying the
Boltzmann Eq. 18 by mχ on both sides, in each term all the
mχ factors originally in ρχ/mχ can be absorbed either into
the partition function d
2(mχN)
dEdL ≡ d
2m
dEdL or into the cross sec-
tion σ/mχ.
A. The Rates
In Fig. 1 we first show the sample rates for all the five pro-
cesses. Except for the constant free-free-in rate, the other four
rates depend on at least one partition function of an elliptical
orbit so are time dependent, here we choose to show them at
the present time of the history of the Sun, which is roughly
t = 1.5× 1017 s. The energy range is given in Eq. 10; and for
the angular momentum range which we have integrated over,
we in fact sample them by a set of angular momentum values
L which satisfy 0 < L/Lmax(E) < 1.
We can see that very generally in a large E range (or large
radius range), the free-free-in rate (red filled diamond) is the
largest, in particular for an energy state not very deep in the
gravitational potential well, or at the outer part of the halo.
But this large rate tends to get balanced by the bound-free-
out (blue filled circle) rate, and for a large cross section such
cancellation is really good. Later we will see that an equi-
librium configuration should have been achieved, so the net
partition function after cancellation are many orders smaller.
The remaining bound-bound-out rate, bound-free-in rate and
bound-bound-in rate are much smaller and somewhat compa-
rable themselves, and their dependence on the depth in the
gravitational potential well or radial position is much milder.
The bound-free-in rate is much smaller than the bound-free-
out process because the latter also contains the events that the
final state DDM particles are kicked out of the halo by the
energetic incoming DDM particles, and this process is actu-
ally dominant. For small vth the scattering is almost elastic
and the partition function change due to scattering should be
small, then the bound-bound-out process should be balanced
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FIG. 1: The rate at present time (t = 1.5 × 1017 s = 4.7 Gyr) for
5 processes after integration over angular momentum, for a combi-
nation of a small (σ/m = 0.1 cm2/g) or a large (10 cm2/g) cross
section with a small (vth = 5 km/s) or a large (240 km/s) threshold
speed. Red dots and red connecting curves are for all “in” processes
and blue ones are for all “out” processes for a specific energy respec-
tively; and (filled) diamond, circle and square are for free-free pro-
cess, bound-free processes and bound-bound processes respectively.
The black curves denote the net partition function change rate, which
are not necessarily positive. The lowest energy bin is close to the
sunk component and can be significantly corrected, so we use dotted
connecting curves to indicate the possible errors.
by the bound-bound-in process, and we can see that it is in-
deed the case within numerical precisions. But the bound-
bound-in rate at a shallow position of the gravitational field
is cutoff, since the target energy state must be at least deeper
than −v2th/2 +Emax/mχ. While for a 5 km/s threshold speed
such cutoff only affect the rightmost 3 bins in energy, for a
240 km/s threshold speed the effect can be very deep. On the
other hand, due to the low cutoff energy Emin/mχ we expect
the leftmost rate to suffer some error, so we use dotted curves
to indicate the possible errors.
B. The Orbit Component and the Outer Halo
With the numerical solution to the coupled Boltzmann
equation set, we can calculate the halo profile from the contri-
bution of the orbited component
ρ(r) = (19)∫ Emax
Emin
dE
∫ Lmax(E)
0
dL
d2m
dEdL
H(r − a+ c) H(a+ c− r)
pia
√
2a
r − 1− b
2
r2 4pir
2
.
We show the resultant halo by two slices in Fig. 2. In the
left panel of the radial slice, we have fixed the time as well
as the cross section, and choose four representative threshold
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FIG. 2: Sample spatial and temporal slices of the halo around the Sun, using the orbited component only. In the left panel we also fix the cross
section, and in the right panel we also fix the threshold velocity. Note that on the radial slice the sunk component can greatly further enhance
the DDM density, but this is not included here, so the profile only from the orbited component in the corresponding region is plotted by dotted
curves. The evolution of the density show clear equilibrium configuration and the tendency to approach such equilibrium at different speed.
speeds spanning a wide range of interest. We can see that in a
very large radial range the halo can be well fitted by a power
law ρ ∝ rn with n ∼ −1.6 for vth . 300 km/s. In this re-
gion the dependence of the halo on the threshold speed is very
weak, for example, the vth = 5 km/s curve overlaps with the
vth = 80 km/s curve very well. As vth further increases the
halo becomes more cuspy. The halo density at the position of
the earth is about 2.5 orders below the galactic component, so
no effect should be seen such as in the DM direct detection
experiment. But at a radius of r ∼ 0.01 − 0.03 AU the halo
density increases to equal to the galactic component, and in-
side the local halo one is even higher. However, later we will
see that the sunk component will give an even much more en-
hanced contribution.
In the right panel of the temporal slice, we have fixed the
radius as well as the vth, and choose three representative cross
sections to see the comparison of the accretion speed. We
can see that there is an equilibrium configuration, and all the
densities corresponding to different cross sections tend to ap-
proach such equilibrium configuration upon accumulations. If
the cross section is large the current density will be very close
to the equilibrium one, and if the cross section is small the
current density can still be quite far from the equilibrium one.
At last, we can see that the equilibrium configuration will not
be far away from the one calculated with σ/mχ = 1 cm2/g,
namely the solar halo contribution to the terrestrial DM den-
sity will always be at least about 2.5 orders below the galactic
contribution and unimportant.
C. The Sunk Component
As mentioned before, while we can directly sample the or-
bited component by a set of discretized bins for the differential
equation in the (E,L) space, we cannot do so directly for the
sunk component due to the intrinsic failure of the elliptical
orbit approximation. Such component has to be counted by
the transition at the lower boundary Emin of our energy range.
Here we will naively estimate the sunk component as the par-
ticles sunk in the bound-bound processes, in particular
Nsunk = (20)
−
∫
dt
∫ Emax
Emin
dE
∫ Lmax(E)
0
dL(BBO(E,L) + BBI(E,L)).
This estimation goes as follows. In our previous defini-
tion of 5 processes, we do not specify the final state being
free or bound (orbit) or sunk for an “out” process, which suf-
fices the removal rate calculation for a specific orbit. If we al-
ways specify the final state, the previous 3 possibilities in the
initial state categorizing should by enumeration be expanded
to the free-free to bound-bound processes, the bound-bound
to bound-bound and bound-bound to sunk-sunk processes, as
well as the bound-free to free-free and bound-free to bound-
bound processes. We have actually ignored the free-free to
sunk-sunk process since it need to go beyond the equipartition
assumption and use the broadened spectrum (the real spec-
trum energy conservation) of the final state kinetic energy, al-
though from Fig. 1 we can see that by doing this a small rate
can be really extrapolated. Then we can see that the previous
BBO process corresponds to the sum of the bound-bound to
bound-bound and bound-bound to sunk-sunk processes, sub-
tracting the bound-bound to bound-bound (BBI) process is in-
deed the only channel contributing to the sunk component.
In such definition our results in Fig. 3 shows the possibility
of a great enhancement to the local DM density, due to the
sunk DDM component which is inside or extremely close to
the Sun. In general we can see that the sunk component will
increase in the direction of small vth as well as large σ/mχ,
and the average density can be several orders larger than the
local DM density of the galactic component.
We warn the reader that this is far from a satisfying ac-
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FIG. 3: The contour of the DDM average density enhancement fac-
tors from the sunk component only, compared to the DM galac-
tic component. The sunk component is counted by Eq. 20 at a
minimal semi-major axis of amin = 1.455 R, corresponding to
our minimally tracked energy state Emin/mχ = −216 (km/s)2 in
Eq. 10, as the boundary between the bound (orbited) component and
the sunk component. Then the enhancement factor is calculated as
mχNsunk/(ρχ
4
3
pia3min). Note that further channels that cannot cap-
tured in our calculation may further significantly affect the enhance-
ment, see the text. We also plot the constraint from [36] for reference,
which differs from our scenario by always assuming an elastic cross
section of 3 cm2/g.
curate estimation, but actually only the numerical guess we
can reach in our approach. If we can manage to include the
sunk component in the initial state in our calculation, by the
same enumeration we should have the additional sunk-sunk
to sunk-sunk process (which just redistribute the sunk com-
ponent and is not directly interesting in counting the total
sunk DDM number), the sunk-free initial state to free-free,
bound-bound or sunk-sunk processes, and the sunk-bound ini-
tial state to bound-bound or sunk-sunk processes. They are all
beyond our current calculation. Among them, only the ones
with the sunk-free initial state can change the total particle
number of the bounded halo, while the other processes do not.
The sunk-free to free-free process is in the direction to reduce
the sunk DDM number, but it should be limited from the point
of view of the available initial free DDM phase space, which
should be only an energetic corner. On the other hand, the
sunk-free to bound-bound process and the sunk-free to sunk-
sunk process will further accrete the free DDM particles onto
the bounded halo and increase the sunk component eventually.
Although not directly contributing DDM particles from con-
nection to the free component, the sunk-bound ones and the
sunk-sunk ones are helping the deceleration of the bounded
halo particles and the accretion, which is also in the direction
of further increasing the sunk component. Since in the last
two processes the second bounded DDM particle for the first
sunk DDM to scatter has already a density much larger than
the free galactic component density in the dominant central
region (from Fig. 2 and 3), we can expect the effect of further
increasing the sunk component will dominate over the effect
of reducing the sunk component by the sunk-free to free-free
process. Namely we expect the true DDM halo density inside
or in the close neighborhood of the Sun is even more enhanced
than what we guess from the Eq. 20 and show in Fig. 3. Such
processes have the sunk component in the initial state, there-
fore the further increase behavior can be exponential, and the
final DDM density can be further boosted by several orders.
Moreover, till now we have completely neglected the dark
radiation which is assumed as promptly going away after the
up-scattering. For low DDM density it should be fine, how-
ever, if the DDM dissipative scattering happens at a high
enough rate, the dark radiation will exert a pressure on the
DDM particles, expelling them from the center of the Sun.
And this effect will presumably depend on other parameters
beyond the cross section and threshold velocity, which further
complicates the determination of the very inner region of the
halo.
In Fig. 3 we have also plotted the constraint from Ref. [36].
Note the model assumption therein differs from ours by al-
ways assuming an elastic cross section of 3 cm2/g. We can
find an area avoiding the constraint, that still has large en-
hancement and will be particularly interesting for DM indirect
detection. One may generally think that the DDM accretion
at the galaxy scale to speed up structure formation such as the
core collapse and the accretion at the solar scale to form the
compact halo are quite similar, so they should be optimized at
exactly the same σ/mχ and vth combination, and the most op-
timistic parameter for the solar halo enhancement should have
been ruled out at the galaxy scale if the structure observed
there is not that extreme. But in fact the solar case has the
Sun as the external gravitational source which is many orders
larger in providing gravity, and the accretion is not purely self-
driven as the galaxy case. At the galaxy scale the optimistic
vth for core collapse should be close to the characteristic circu-
lar velocity, and even on the low mass tail of the dwarf galaxy
distribution such characteristic circular velocity is in practical
bounded from below. On the other hand, the vth → 0 limit is
actually the elastic SIDM limit, on the solar scale side eventu-
ally the free-free-in process as the source should vanish if the
DM self-scattering turns into purely elastic, and consequently
all the accrete rate. But numerically we have not yet achieved
that far in Fig. 3. With the Sun providing the external driving
of the accretion, arguably the region left to the exclusion in
Fig. 3 or its expected update in the future is a viable parame-
ter region to achieve significant density enhancement.
D. Comment on Other Cases
We have also performed similar calculations with the earth
as the central gravitational source. Except for adopting dif-
ferent values for the earth, the other key difference is that
there is also the effect of the solar gravitational field, which
is equivalent to an extra gap of−GMmχ/AU between the lo-
cal infinity to the free galactic component in energy. We found
that with a reasonable cross section as currently taken, the re-
sultant halo will always be several orders below the galactic
9component, so it is less interesting. Given the values of the
standard halo model, similar calculation can be performed to
other nearby celestial bodies, e.g., a black hole. In such cases
the validity of the elliptical orbit approximation can extend far
deeper than that in the solar case, even if the black hole has a
similar mass and consequently a similar DDM halo outskirt.
On the other hand, on the model side, the constant cross
section is easily substituted by a velocity dependent cross sec-
tion such as σ/mχ ∝ v−2 (Sommerfeld enhancement) or v−4
(Coulomb scattering), up to model preferences.
VI. INDIRECT DETECTION IMPLICATIONS
A. Gamma-Ray Emission from the Sun
The Sun is known to be a strong γ-ray source due to the
hadronic interactions between cosmic ray nuclei and the solar
atmosphere, as well as the inverse Compton scattering (ICS)
between cosmic ray electrons and the sunlight [47, 48]. The
Fermi-LAT observations do reveal a disk component as ex-
pected from the solar atmospheric interactions and a more ex-
tended component from the ICS interactions [49]. The mea-
sured γ-ray fluxes and energy spectra are different from the
naive expectation based on the cosmic ray spectra, imply-
ing possible significant roles of the magnetic fields around
the Sun [49–51]. More detailed analyses of the Fermi-LAT
data revealed even more complicated temporal and spectral
features of the solar γ-rays [52, 53]. Surprisingly, a statis-
tically significant “dip” feature has been detected at around
30 ∼ 50 GeV with a significance higher than 5σ, which is
lack of a reasonable explanation yet [53].
Motivated by the possibility of compact DDM halo with
significantly enhanced density, we consider the DM origin of
the dip structure. We assume that the DDM annihilation prod-
ucts are e+e− leptons. Then there are three relevant major
contributing mechanisms to the observed γ-ray spectrum. The
internal bremsstrahlung emission associated with the charged
lepton final state (the final state radiation or FSR) and the ICS
emission from e+e− scattering off the sunlight contribute to
the γ-ray spectrum mainly below the “dip”. Since the mag-
netic field around the Sun is strong enough to confine charged
particles below ∼ TeV energies [51], in estimation we adopt
the in situ cooling approximation. On the other hand, in order
to give the upper half of the “dip”, we further consider the con-
tribution from the virtual internal bremsstrahlung (VIB) pro-
cess via the exchange of a virtual charged particle [54, 55].
The spectrum of the VIB emission is very hard, which can
mimic the monochromatic γ-ray emission given finite en-
ergy resolution of the detector [55]. Its amplitude depends
on the mass splitting between the mediator η and the DM χ,
which is characterized by µ ≡ (mη/mχ)2 with the best fit
of 1.5. Matching the “dip” position, the DDM mass should
be 90 GeV. And the velocity weighted average annihilation
cross section is adopted 〈σv〉 = 3× 1026 cm3s−1, namely the
value consistent with the thermal freeze-out mechanism. For
the background contribution, we adopt the simulation results
given in Ref. [56] with the potential field source surface [57]
magnetic field model, together with an enhancement of the
BIFROST model near the Sun [58].
In all, the observational spectrum can be reasonably well
fitted, only given an extremely large DDM density enhance-
ment around the Sun. As the key, the DDM halo profile rel-
evant to the phenomena is the region r & R. For example,
if the DDM density profile outside the Sun is adopted to be a
power-law form ∝ r−1.6 as given in Fig. 2, then the best fit
DDM density at the Sun’s surface is ρχ(R) = 3.8 × 107ρχ
with ρχ = 0.39 GeV/cm3 as mentioned earlier; and (since we
also do not know the profile of the DDM halo) if we switch the
profile to a power law continuously connecting ρχ(R) and
ρχ(2R) ≈ ρχ (assumed), in order to get the same spectrum
we need roughly ρχ(R) = 2.2× 108ρχ. This surface DDM
density is still several orders larger than what we can get from
our incomplete calculation such as in Fig. 3, so we consider
this fitting to be premature and not a rigorous interpretation for
the γ-ray spectrum dip. However, as we commented earlier,
we expect the true DDM halo density inside or in the close
neighborhood of the Sun is even more enhanced (potentially
by several orders) than what we guessed there, so we still con-
sider this effort as a reasonable and interesting step towards a
completely satisfying interpretation.
B. Other Constraints
For canonical DM density profiles (e.g., the Navarro-Frenk-
White distribution [59] or NFW) and mχ ∼ 100 GeV,
the Fermi-LAT γ-ray observations constrain the annihilation
cross section to the e+e− channel (or the µ+µ− channel
which gives quite similar constraints to that of the e+e−
channel) to be a few times of ∼ 10−26 cm3 s−1 [60] and
∼ 10−25 cm−3 s−1 [61], from the Galactic center region and
the combination of a population of dwarf spheroidal galax-
ies, respectively[67]. They are all consistent with the adopted
value 〈σv〉 = 3×1026 cm3s−1. However, in our DDM model
the astrophysical profile of the DM halo should be different
from the NFW one, and the accretion of the DDM in the MW
center or the dwarf galaxies may also enhance the density dis-
tributions at these places, and change the constraints. Note
that in reaching such a significant solar DM density enhance-
ment, the favorite parameter region has a small vth from the
implication of Fig. 3, which is close to the vth → 0 conven-
tional elastic SIDM case as mentioned earlier. Pure SIDM
simulation gives halo structure characterized by a constant
density core in its central region, rather than the NFW cuspy
proportional to r−1 [62, 63]. In such cases in the center of
the MW or the dwarf galaxies, DM can be in fact less concen-
trated as their canonical DM density profile counterparts, and
the above DM annihilation cross section bound should even be
relaxed instead. On the other hand, the possibility that the DM
concentration is more cuspy than its NFW counterpart can be
indeed achieved. In particular in the specific MW satellite
galaxy Draco, as shown in Ref. [10], an O(10) cm2/g purely
elastic SIDM model with the MW tidal effect will lead to a
core collapse configuration, which is indeed consistent with
the observation. However, as mentioned earlier, the DM an-
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nihilation cross section constraint from Draco alone is not so
strong. Simply put, we believe that the DM annihilation cross
(as well as other parameters) adopted earlier in our calculation
is consistent with the other observational constraints.
VII. CONCLUSION
In this paper working in the dissipative self-interacting dark
matter (DM) model, we have pointed out the possible exis-
tence of a compact DM halo around the Sun and other ce-
lestial bodies. We have defined a scheme of approximations
to enable such calculation, and develop the Boltzmann equa-
tion set based on the partition function of the elliptical orbits
characterized by its energy and angular momentum. Then we
numerically solve the Boltzmann equation set to demonstrate
the existence of the DM halo. Our results show that the DM
density enhancement can be several orders in a compact re-
gion centered around the Sun. As an application, we use such
possibility to study the DM origin of the unexpected “dip”
structure in the observed solar γ-ray spectrum, which is re-
produced by the inverse Compton scattering emission on the
low energy side and the virtual internal bremsstrahlung mech-
anism on the high energy side, respectively.
Our results are incomplete and limited by the validity of the
elliptical orbit approximation. Therefore we cannot directly
sample all the bounded DM particles, but have to truncate at
the lower boundary of the elliptical orbits, which renders the
“sunk” component calculation, the inner region halo determi-
nation as well as the attempt of the DM origin of the solar
γ-ray “dip” structure not rigorous. One may consider to com-
pletely numerically study the “sunk” orbits, but we reserve
this for a future work.
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